Magnetic and electronic properties of Fe 3 O 4 (111)/graphene heterostructures are investigated by first principles calculations. Different structural models have been considered, which differ in the interface termination of Fe 3 O 4 (111) surface with respect to the same monolayer graphene. In three models, the magnetic moment of Fe(A) has a major change due to less O atoms surrounding Fe(A) atoms than Fe(B). Magnetic moment is enhanced by 8.5%, 18.5%, and 8.7% for models (a), (b), and (c), respectively. Furthermore, the spin polarization of models (a) and (c) is lowered due to the simultaneous occurrence of density of states of spin-up Fe(A) and spin-down Fe(B) at Fermi lever. The spin polarization of model (b) remains the same as that of bulk Fe 3 O4. Our results suggest that different interface terminations and Fe(A) play an important role in determining the magnetism strength and spin polarization. V C 2013 American Institute of Physics.
I. INTRODUCTION
Graphene, a two-dimensional (2D) single atomic layer of graphite, has attracted a great deal of interest due to its novel electronic properties.
1- 6 The band structure of graphene possesses conical electron and hole pockets which meet only at K points of Brillouin zone in momentum space. 7, 8 Due to the linear dependence of energy on momentum, carriers behave as effectively massless and have an effective speed of light of 10 6 m/s, together with a large spin-relaxation length, 1 which makes it a promising candidate for spintronics devices. Recently, many experiments focused on graphene spin-valve devices by utilizing ferromagnetic metal as electrodes. 9, 10 As alternative ferromagnetic materials, ferromagnetic halfmetallic oxides are potential to be the spin injection sources because they have high spin polarization, environmental stability, and efficient spin injection. 11 Fe 3 O 4 was predicted to be half-metallic with a high Curie temperature of 858 K. [12] [13] [14] [15] If Fe 3 O 4 was chosen as a spin injector to perform spin injection into graphene, new spintronics devices will be set up. However, the results on Fe 3 O 4 /graphene heterostructures have not been widely reported so far. Experimentally, (100), (110), and (111) oriented epitaxial Fe 3 O 4 films have been fabricated, in which Fe 3 O 4 (111) plane is composed of atoms with hexagon shape that corresponds to the hexagon of C atoms in grapheme. Hence, we choose Fe 3 O 4 (111)/graphene interface to investigate the magnetic and electronic properties of half-metallic oxide/graphene interfaces. In this paper, magnetic and electronic properties of Fe 3 O 4 (111)/graphene heterostructures have been investigated by first principles calculations. Spin polarization of models (a) and (c) is lowered, but spin polarization of model (b) remains the same as that of bulk Fe 3 O4. Different interfacial terminations and Fe(A) play an important role in determining the magnetism and spin polarization.
II. CALCULATION DETAILS AND MODEL
All the spin-polarized calculations were performed within projector augmented wave (PAW) method 16, 17 as implemented in the computational code of Vienna ab initio simulation package, 18 based on the density-functional theory (DFT). Exchange-correlation potential was treated by generalized gradient approximation, according to Perdew-Burke-Ernzerhof. 19 In order to find the theoretical equilibrium static geometries a standard plane-wave basis set with a kinetic-energy cutoff of 520 eV was used in the geometry optimization process and static calculations. A CÀcentered 5 Â 5 Â 5 k-point mesh was performed for the bulk calculations of Fe 3 O 4 , while we adopted a CÀcentered 5 Â 5 Â 1 and 10 Â 10 Â 1 for the static and density of states (DOS) calculations of monolayer graphene, respectively. Calculations were converged to 10 À5 eV and the structures were relaxed until the largest force became less than 0.03 eV/Å .
Bulk 20, 21 Graphene is a monolayer of carbon atoms packed into a dense honeycomb crystal structure, which can be obtained by mechanical exfoliation from graphite. Its honeycomb structure contains a bipartite lattice, formed by two interpenetrating triangular sublattices. There are strong covalent bonds between carbon atoms arranged in a honeycomb lattice. The nearest neighbor distance in graphene is 1.42 Å . 
III. RESULTS AND DISCUSSIONS
For monolayer graphene, the calculated band structure shows a zero bandgap semiconductor. The valence band maximum (VBM) and conduction band minimum (CBM) meet at K point called Dirac point, where the effective mass of the hole and electron is nearly zero, leading to the excellent electrical properties. For bulk Fe 3 O 4 , the calculated lattice constant is 8.40 Å , which is consistent with experimental value mentioned above. The calculated magnetic moment for Fe(A), Fe(B), and O ions are approximately À3.486, 3.569, and 0.077 l B /atom, as listed in Table I , respectively, leading a net moment of $4 l B /Fe 3 O 4 . The results are consistent with the previous theoretical and experimental results. [23] [24] [25] The partial DOS of Fe(A) has a band gap in both the spin-up and spin-down channels, which indicates that Fe(A) ions are insulating. However, DOS of Fe(B) has only finite values at Fermi energy in spin-down channel, and shows a half-metallic feature, as shown in Fig. 2(a) . As a result, bulk Fe 3 O 4 is half-metallic. 26, 27 In Fig. 2 , the symbol "IF-Fe-A-4" is the atomic number, where IF is the "interface", Fe-A is the Fe ions at A sites, 4 is the atomic number of Fe ions at A sites. The same definition was presented in other figures. figure that the graphene is a zero bandgap semiconductor. Although the C DOS from the interface still remain symmetrical, the VB in both the spin-up and spin-down channels pass through the Fermi level, destroying the particular electronic structure. Figure 3 shows the calculated partial DOS of the Fe(B)-C interface contained in model (b). The half-metallic behavior of Fe 3 O 4 caused by Fe(B) ions on the first layer is nearly vanished, while the partial DOS of Fe(B) ions on the forth layer far away the interface remains the half-metallic feature, as shown in Fig. 3(a) . This is different from the O-C interface. The DOS of Fe(A) ion on the interface has only small change as compared to bulk Fe 3 O 4 . All the DOSs of Fe(A) ions remain an insulating behavior. But the magnetic moment of Fe(A) ions on both the second and sixth layer decreases as compared to bulk Fe 3 O 4 , as seen in Table II . The above results suggest that the interfacial influence on electronic structure becomes less as the distance between the atoms and interface increases. atoms with small magnetic moment connect with both Fe(A) and Fe(B) ions, while O atoms with large magnetic moment only connect with Fe(B) ions. The increasing magnetic moment is due to the strong hybridization between O and Fe(B) atoms. Figure 3(c) shows the partial DOS of C atoms. It can be clearly seen that DOS of C at the interface still remains symmetrical, but DOSs in both the spin-up and spindown channels have a bandgap of 0.36 eV, destroying the particular electronic structure. Figure 4 shows the calculated partial DOS of Fe(A)-C interface contained in model (c). We observed the similar behavior as Fe(B)-C interface that the half-metallic behavior caused by Fe(B) ions on the second layer nearly disappears, while the partial DOS of Fe(B) ions on the fifth layer far away the interface remains the half-metallic feature, as shown in Fig. 4 . However, the spin-up CB of Fe(A)-83 ions on the first layer shifts considerably to lower energy and pass through the Fermi level, leading to 100% spin polarization, which makes the corresponding magnetic moment of Fe(A)-83 ions decreases as compared to bulk Fe 3 O 4 , as shown in Table III . Meanwhile, the spin-down DOS of Fe(A)-84 ion on the first layer pass through the Fermi level, resulting in the 100% spin polarization. The phenomenon is related with the fact that both the edges of monolayer graphene bend toward Figure 6 shows the partial DOS of C atoms. It can be clearly seen that DOSs of C atoms at the interface changed significantly, and DOSs of C-1 atom have finite DOS and pass through Fermi level only in the spin-up channel. While DOSs of C-4 atom have the similar shape as that of monolayer graphene. In order to clearly show the magnetic properties, the calculated m for Fe and O ions in the models (a), (b), and (c) are presented in Tables I-III , respectively. The numbers in the parentheses behind the atoms in these tables are presented in Fig. 1. For models (a) and (b) , the magnetic moment of the whole supercell is enhanced by 8.5% and 18.5%, respectively, which is attributed to the increased magnetic moment from O and the reduced magnetic moment from Fe(A) atoms in Fe 3 O 4 . Furthermore, the corresponding magnetic moment of Fe 3 O 4 formula unit increases to 4.3413 and 4.7395 l B , respectively. Yet, for the model (c), the magnetic moment of the system is also enhanced by 8.7%, which results from the combined action of the increasing magnetic moment of Fe(A) and O atoms as well as the reduced magnetic moment of Fe(B) atoms. Also, we find that the magnetic moment of Fe(A) atoms has a major change in all of the three model because the less O atoms surrounding Fe(A) atoms than Fe(B) atoms. 
IV. CONCLUSION
We have performed first-principles calculations to investigate the electronic and magnetic properties of Fe 3 O 4 (111)/ graphene heterostructure. The magnetic moment enhances 8.5%, 18.5%, and 8.7% for models (a), (b), and (c), respectively. In three models, the magnetic moment of the Fe(A) has a major change, which is caused by the less O atoms surrounding Fe(A) atoms than Fe(B) atoms. Furthermore, spin polarization of models (a) and (c) is lowered due to the simultaneous occurrence of DOS of spin-up Fe(A) and spin-down Fe(B) at Fermi level, while the spin polarization of model (b) remain the same as that of bulk Fe 3 O4. Therefore, we would possibly tune the interface states by engineering the different interface terminations for optimized performances in spintronics device applications.
